Macrophages are essential components of innate immunity, and apoptosis of these cells impairs mucosal defense to microbes. Helicobacter pylori is a gastric pathogen that infects half of the world population and causes peptic ulcer disease and gastric cancer. The host inflammatory response fails to eradicate the organism. We have reported that H. pylori induces apoptosis of macrophages by generation of polyamines from ornithine decarboxylase ( 
Macrophages are essential components of innate immunity, and apoptosis of these cells impairs mucosal defense to microbes. Helicobacter pylori is a gastric pathogen that infects half of the world population and causes peptic ulcer disease and gastric cancer. The host inflammatory response fails to eradicate the organism. We have reported that H. pylori induces apoptosis of macrophages by generation of polyamines from ornithine decarboxylase (ODC) In infection studies, apoptosis of macrophages has been demonstrated to play a pathogenic role in colonization of bacteria (1) . Helicobacter pylori is a microaerophilic, Gram-negative bacterium that selectively colonizes the human stomach and infects half of the world population (2) . Infected individuals exhibit chronic active gastritis and can develop peptic ulcer disease or gastric adenocarcinoma, the second leading cause of cancer deaths worldwide (3) . The infection is usually acquired in childhood and persists for the life of the host despite eliciting a vigorous innate and adaptive immune response (2) . Although H. pylori has generally been considered to be a noninvasive pathogen, strong evidence has emerged that H. pylori itself and its products can invade the mucosa and have direct contact with lamina propria immune cells (4 -6) . These findings suggest that the failure of the immune response could be directly related to the inability of effector cells, especially macrophages, to kill this bacterium. We have demonstrated that H. pylori induces apoptosis in macrophages in vitro by a polyamine-dependent mechanism (7) (8) (9) . However, the signaling mechanisms involved in this process and their in vivo relevance remains to be elucidated.
H. pylori has been reported to activate mitogen-activated protein kinase (MAPK) 3 enzymes (10) . MAPKs belong to an important group of serine and threonine signaling kinases consisting of three family member proteins: JNK, p38 MAPK, and ERK1/2. These proteins mediate signal transduction in response to extracellular stimuli and affect diverse cellular functions such as proliferation, differentiation, and death (11, 12) . In particular, ERK, which is activated upon phosphorylation by dual specificity MEK1 and MEK2 (13) , can have biological effects by phosphorylating membrane or cytoskeletal proteins (14) . Moreover, when phosphorylated ERK (pERK) translocates to the nucleus (15, 16) , it can result in activation of transcription factors, including activator protein-1 (AP-1) (17) .
AP-1 complexes most often consist of c-Fos and c-Jun, and other Fos and Jun family proteins can also form functional AP-1 (18) . When these subfamily proteins form homodimers or heterodimers, they become active AP-1 complexes. Such complexes bind to AP-1 DNA recognition elements and activate transcription in stimulated cells (19) . Fos proteins do not form homodimers, whereas c-Jun can form homodimers that have a low capacity to transactivate genes (20) . When c-Fos heterodimerizes with c-Jun, this results in a more stable AP-1 complex that increases the capacity of c-Jun to transactivate target genes (21) . JNK can phosphorylate c-Jun at Ser 73 in the transactivation domain and thus potentiate its ability to induce transcription (22) . Similarly, phosphorylation of c-Fos at Ser 374 by ERK potentiates AP-1 transactivation capabilities and primes c-Fos for phosphorylation at Thr 325 ; this stabilizes c-Fos heterodimers and enhances promoter transactivation by AP-1 complexes (23) . Activation of AP-1 (18) can result in effects on cell proliferation (24) , cell differentiation (25) , and apoptosis (26) .
Mutation of the AP-1 binding site inhibits IL-6 promoter activity in H. pylori-stimulated gastric epithelial cell lines, and all of the MAPKs, namely ERK, p38, and JNK were implicated in AP-1 binding and IL-6 expression, and other transcription factors were involved (27) . Also nuclear extracts from H. pyloriinfected gerbil stomach tissues bind to the AP-1 consensus binding sequence (28) . However, in both of these studies the constituents of the AP-1 complex were not determined. In two other studies in gastric epithelial cells, increased expression of several potential AP-1 constituents (29) and induction of AP-1 DNA binding activity was demonstrated (29, 30) , but phosphorylation of AP-1 members and the biological effects of AP-1 were not studied. In the case of THP-1 monocytes, H. pylori-stimulated IL-18 expression that was reduced by either ERK or p38 inhibitors and AP-1 binding to the IL-18 promoter were demonstrated (31) , but the functional requirement for AP-1 in this process and the nature of the AP-1 complex was not examined. Inhibition of ERK and, to a greater degree, inhibition of p38 have been shown to reduce H. pylori-stimulated IL-8 expression in THP-1 cells, and although AP-1 was implicated in this process, it had less of an effect than NF-B activation (32) . In U937 monocytic cells, induction of IL-8 was shown to be largely p38-dependent and only partially AP-1-dependent (33) . Taken together, these studies suggested that MAPKs and AP-1 may be involved in biological effects of H. pylori infection but that more investigation was warranted in macrophages.
Previously, we have shown that H. pylori induces c-Myc gene and protein expression and nuclear translocation in macrophages (9) . This enhances expression of ornithine decarboxylase (ODC), the rate-limiting enzyme for polyamine synthesis, which causes apoptosis by a mechanism that involves oxidation of spermine (8) . We now investigated the particular MAPK pathways activated in macrophages, the components of the AP-1 complex, and the role of these responses in the induction of apoptosis. Herein we show that activation of ERK, but not p38 or JNK, by H. pylori results in apoptosis through activation of c-Myc and ODC. This process occurs by ERK-dependent formation of a specific AP-1 complex that appears to be unique to H. pylori, consisting of a phospho(p)-c-Fos⅐c-Jun heterodimer. This AP-1 complex binds to the c-Myc promoter in macrophages and thus causes induction of c-Myc, ODC, and apoptosis. We have also demonstrated that in addition to these events occurring in a macrophage cell line, they also occur in gastric macrophages in H. pylori-infected gastric tissues and that the apoptosis of gastric macrophages in vivo that contributes to the loss of host defense can be abrogated by interruption of this pathway. The specificity of these events is demonstrated by our findings that two other enteric bacterial pathogens that cause mucosal inflammation that were tested, namely Campylobacter jejuni and Citrobacter rodentium, did not induce c-Fos phosphorylation, c-Myc, or ODC in macrophages despite activation of ERK and that H. pylori did not induce the pc-Fos-cMyc-ODC pathway in gastric epithelial cells.
EXPERIMENTAL PROCEDURES
Reagents-All of the reagents used for cell culture and RNA extraction were purchased from Invitrogen. MAPK inhibitors PD98059, SB203580, SP600125, and U0126 were from Calbiochem. All other chemicals were from Sigma unless specified.
Bacteria, Cells, and Culture Conditions-H. pylori SS1 was grown, lysates were prepared using a French press, and the multiplicity of infection (MOI) was determined as described (34) . The murine macrophage cell line RAW264.7 was maintained in complete Dulbecco's modified Eagle's medium. The cells were activated with H. pylori lysates at an MOI of 100. In some studies macrophages were also activated with live H. pylori SS1 at an MOI of 10 (2, 34). C. rodentium was grown, and lysates were prepared as described (35) . C. jejuni was obtained from ATCC, and lysates were prepared as for H. pylori. RAW 264.7 cells were activated with C. rodentium and C. jejuni lysates at an MOI of 100. AGS gastric epithelial cells were activated with H. pylori strain 60190 at an MOI of 200.
Mouse Infections-H. pylori SS1 was grown in liquid culture in Brucella broth. C57BL/6 mice were inoculated by oral gavage with 5 ϫ 10 8 colony-forming units of H. pylori in 0.1 ml of Brucella broth or broth vehicle control. For the colonization time points of 14, 60, and 120 days, the mice were gavaged every other day three times (7, 36) , whereas for the time points of 1-7 days, the mice were inoculated once (35) . In some studies, the mice were treated with PD98059 (5 mg/kg) or vehicle control (2% dimethyl sulfoxide) by intraperitoneal injection just prior to inoculation.
Cell Viability-The viability of macrophages was determined using an XTT assay as described (8, 36) .
Apoptosis Detection by Annexin V Staining-The cells were stained with annexin V conjugated to fluorescein isothiocyanate (FITC) and either propidium iodide (PI) or 7-amino-actinomycin D (7-AAD; BD Biosciences, San Jose, CA). The cells were analyzed with a flow cytometer (FACSCalibur; BD Biosciences) using CellQuest software (BD Biosciences) for annexin V-FITC/ PI-stained cells (8, 9) and FlowJo software (Tree Star, Inc., Ashland, OR) for the annexin V-FITC/7-AAD-stained cells (36) .
RT-PCR and Real Time PCR-ODC and c-Myc mRNA expression was measured by real time PCR and RT-PCR as described (9) . For c-Fos and c-Jun, the sense and antisense primer sequences and PCR product sizes were: c-Fos, 5Ј-GCC-CAGTGAGGAATATCTGGA-3Ј and 5Ј-ATCGCAGAT-GAAGCTCTGGT-3Ј, 187 bp; c-Jun, 5Ј-AGCCTACCAACGT-GAGTGCT-3Ј and 5Ј-AGAACGGTCCGTCACTTCAC-3Ј, 228 bp. For c-Fos and c-Jun, 1 g of mRNA was reverse-transcribed with the iScript TM cDNA synthesis kit (Bio-Rad). PCR was performed with thermal cycling conditions and methods to calculate the relative expression as described (2, 8, 9, 35) .
Immunoprecipitation and Immunoblot Analysis-RAW 264.7 cells were lysed, and Western blotting for c-Myc and ODC was performed as described (9) . Nuclear and cytoplasmic extracts were prepared using an extraction kit from Thermo Scientific (Rockford, IL). ERK1/2 was detected with a rabbit polyclonal antibody from BioSource (Camarillo, CA; 1:1000 dilution). For detection of pERK, a rabbit polyclonal antibody to phosphothreonine 185 and phosphotyrosine 187, pTh,pY 185/187 -ERK, was used (BioSource; 1:1000 dilution). ERK Enzyme Activity-ERK activity was measured with an ERK enzyme assay kit (Millipore, Temecula, CA) using myelin basic protein as the substrate, according to the manufacturer's instructions.
Immunofluorescence Staining-RAW 264.7 cells were plated on chamber slides (1 ϫ 10 4 cells/well) and stimulated with H. pylori lysates for 0 -120 min. The cells were fixed, permeabilized, and blocked as described (37) and then incubated with anti-pERK antibody (1:500 dilution) overnight at 4°C. A rabbit anti-mouse secondary antibody conjugated to FITC (Jackson ImmunoResearch Laboratories Inc., Westgrove, PA; 1:1000 dilution) was used. The nuclei were visualized with PI, and staining was imaged as described (8, 37) .
Electrophoretic Mobility Shift Assay (EMSA)-The nuclear extracts were prepared as above. 21-bp complimentary oligonucleotides (sense, 5Ј-CGCTTGATGAGTCAGCCGGAA-3Ј and antisense, 5Ј-GCGAACTACTCAGTCGGCCTT-3Ј) containing the AP-1 consensus binding site were purchased from Promega (Madison, WI). Double-stranded oligonucleotides (50 ng) were labeled with [␥-32 P]ATP using T4 polynucleotide kinase (Promega). Binding reactions were carried out with labeled oligonucleotides and 2 g of nuclear protein. For competition experiments, a 200-fold excess of cold AP-1 oligonucleotides was used. The entire reaction was electrophoresed on 6% polyacrylamide gels. The gels were dried and phosphorimaged (9, 37) .
Transient Transfection of Dominant-negative A-Fos Plasmid-RAW 264.7 cells were transfected with 1 g of dominant-negative c-Fos (A-Fos) plasmid provided by C. Vinson from the National Cancer Institute (38) or control plasmid (pCMV), using Lipofectamine Plus (Invitrogen) as described (8) .
Oligonucleotide Pulldown Assay-Both strands of the 21-bp oligonucleotides containing the AP-1 binding consensus sequence were labeled with biotin at the 3Ј end using the Biotin 3Ј end DNA labeling kit (Thermo Scientific). Biotin-labeled oligonucleotides were incubated with 100 g of nuclear extracts in EMSA binding buffer (Promega). Biotinylated oligonucleotides bound to protein complexes were captured using immobilized streptavidin-agarose beads on a spin column (Thermo Scientific). After washing with Tris buffer three times, the slurry was resuspended in 100 l of radioimmunoprecipitation assay buffer and centrifuged. The supernatants were collected and resolved on SDS-PAGE followed by Western blotting for pcFos (Thr 325 ) and c-Jun. Chromatin Immunoprecipitation-The cells were treated with H. pylori in the presence or absence of MAPK inhibitors and fixed with 1% formaldehyde to cross-link proteins to DNA. The cells were washed, lysed, sonicated on ice, and centrifuged at 14,000 ϫ g for 10 min. Precleared supernatants were immunoprecipitated overnight at 4°C using 2 g of anti-pTh 325 c-Fos, anti-cJun, and anti-pS 73 c-Jun antibodies. The DNA⅐protein complex was eluted, and cross-linking was reversed. DNA was recovered and purified with a spin column. PCR was performed on the immunoprecipitated samples and inputs using the following conditions: 95°C for 5 min; 35 cycles of 95°C for 1 min, 58°C for 1 min, and 72°C for 1 min; and final elongation at 72°C for 7 min. Primers were used that flanked three different AP-1 binding sites in the mouse c-Myc promoter. The sense and antisense primer sequences and PCR product sizes were: primer 1, flanking the Ϫ917 bp to Ϫ1136 bp region, 5Ј-TTG-AGGCATGATGCTGAGAC-3Ј and 5Ј-AGGCCTTAGAC-CATCCAGGT-3Ј, 219 bp; primer 2, flanking the Ϫ1896 bp to Ϫ2083 bp region, 5Ј-CTAATGCTCCTGCCTTGCAT-3Ј and 5Ј-GTGGATGGGGAAAATGAATG-3Ј, 187 bp; and primer 3, flanking the Ϫ1921 bp to Ϫ2150 bp region, 5Ј-TCTGACTC-CTTTTGCCCAGT-3Ј and 5Ј-TTGCAAAGAGGGGGAG-TAGA-3Ј, 235 bp. PCR products were analyzed on 1% agarose gels.
Gastric Macrophage Isolation and Quantification-C57BL/6 mice were infected with H. pylori SS1 for 1-120 days. The glandular stomach was digested, and isolation of gastric macrophages was performed as described using CD11b-positive selection (2, 39) . Isolated cells were incubated with anti-F4/80 antibody conjugated with phycoerythrin (PE) (Invitrogen; 1:100 dilution). The cells were analyzed by flow cytometry to determine the percentage of F4/80-PE positive cells using a BD LSRII system (BD Biosciences). The number of macrophages was determined by multiplying the percentage of F4/80-positive cells by the number of CD11b-positive cells and then dividing by 100.
Analysis of Apoptosis in Gastric Macrophages-CD11b-positive cells from mouse stomachs were stained with anti-F4/80-PE, followed by staining with annexin V-FITC and PI (BD Biosciences). PE-positive cells were gated and analyzed for FITC and PI staining by flow cytometry (8, 9) .
Isolation of RNA from Gastric Macrophages and Real Time PCR-Gastric macrophages were isolated from C57BL/6 mice by F4/80 positive selection. RNA was isolated, and real time PCR was performed as described (2, 35) .
Analysis of Proteins in Gastric
Macrophages-F4/80-positive macrophages were stained with mouse monoclonal anti-pERK antibody conjugated with FITC (BD Biosciences; 1:250 dilution), antipTh 325 c-Fos antibody (1:100 dilution), and goat polyclonal anti-ODC antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA; 1:200 dilution) and incubated on ice for 30 min. The cells were then incubated with goat polyclonal anti-rabbit secondary antibody conjugated with PE to detect pc-Fos and donkey polyclonal anti-goat secondary antibody conjugated with allophycocyanin (Jackson ImmunoResearch Laboratories Inc.) to detect ODC. Stained cells were analyzed with an LSRII flow cytometer.
Fluorescence Polarization-An Alexa 488-labeled 28-mer doublestranded oligonucleotide containing the AP-1 binding site from the c-Myc promoter was used. Alexa 488-labeled sense and antisense oligomers (Invitrogen) were annealed in at a final concentration of 100 nM by heating the mixture to 95°C for 2.5 min. RAW 264.7 cells and gastric macrophages were lysed in radioimmune precipitation assay buffer. Detergents and salts were removed using a spin column. The cell lysates were resuspended in Tris buffer. The proteins were incubated with 20 nM of the labeled oligonucleotides for 20 min at room temperature in microtiter plates. Fluorescence polarization was measured on a Tecan Ultra plate reader (Durham, NC) with excitation at 485 nm and emission at 535 nm. For each condition, polarization was calculated using the formula (I h Ϫ I v )/(I h ϩ I v ), where I h represents intensity measured with horizontally polarized excitation, and I v represents intensity measured with vertically polarized excitation and expressed as millipolarization (40) .
Fluorescence Resonance Energy Transfer (FRET) and Confocal Microscopy-RAW 267.4 cells or gastric macrophages were plated in chamber slides and fixed with 4% paraformaldehyde containing 0.1% Triton X-100. The cells were permeabilized with ice-cold 100% methanol with 0.1% Triton X-100. The cells were blocked with 5% normal goat serum containing 0.1% Tri- Images of cells were captured with a Zeiss inverted LSM510 confocal microscope, using a cooled charge-coupled device camera and an IC300 digital imaging system. Cy3 and Cy5 intensity in cells was measured using MetaMorph 7.6 software (Molecular Devices, Sunnyvale, CA). To quantify FRET, Cy5 was photobleached for 1.5 min such that mean fluorescence for Cy5 decreased to background. Fluorescence of Cy3 prebleach (Cy3 pre ) and postbleach (Cy3 post ) was calculated in the region of interest in photobleached cells. Background Cy3 fluorescence (Cy3 back ) was subtracted from the prebleached fluorescence. FRET efficiency was calculated as [(Cy3 pre Ϫ Cy3 back ) Ϫ Cy3 post ]/ (Cy3 pre Ϫ Cy3 back ) as described (41) .
Statistical Analysis-The quantitative data are shown as the means Ϯ S.E. Comparisons between multiple groups were made by using analysis of variance with the Student-Newman-Keul's post hoc multiple comparison test. When comparisons between only two groups were made, a paired t test was performed.
RESULTS

Inhibition of ERK Phosphorylation Increases Cell Viability and
Attenuates Apoptosis-MAPK has been shown to modulate apoptosis in different cell types (11) . We determined the effects of a dose range of MAPK inhibitors on cell death induced by H. pylori by performing XTT cell viability assays in RAW 264.7 cells. After 24 h of H. pylori stimulation, viability was decreased to 76.2 Ϯ 2.3% of levels in untreated cells (Fig. 1A) . Inhibition of ERK phosphorylation by pretreatment with PD98059 improved cell viability of H. pylori-stimulated macrophages in a concentration-dependent manner with a maximum effective dose of 35 M (Fig. 1A, top panel) . In addition, this dose had no significant effect on cell viability when added to unstimulated cells (Fig. 1A, top panel) . Inhibition of phosphorylation of p38 MAPK with SB203580 or of JNK kinase with SP600125 had no beneficial effect on H. pylori-induced macrophage cell death and no affect on cell viability in unstimulated cells (Fig. 1A , middle and bottom panels). We have reported that decreased macrophage cell viability with exposure to H. pylori correlates with apoptosis that peaks at 24 h poststimulation in RAW 264.7 cells (8) . We have now observed that PD98059 inhibited the 5.3 Ϯ 0.9-fold increase in H. pylori-stimulated apoptosis by 69.0 Ϯ 2.1% (Fig. 1, B and C) . In contrast, SB203850 and SP600125 did not inhibit the induction of apoptosis (Fig. 1, B and C) .
ERK Phosphorylation Is Required for Induction of c-Myc and ODC
Expression-We have reported that H. pylori-induced apoptosis is dependent on the induction of ODC, which requires c-Myc binding to the ODC promoter (9) . In the latter study, expression of c-Myc and ODC mRNA peaked at 2 and 6 h, respectively, and both were stable out to 12 h; protein expression peaked at 2-4 h for c-Myc and 6 h for ODC (9) . We therefore tested the effects of MAPK inhibitors on c-Myc and ODC expression at 6 h after stimulation. PD98059 inhibited H. pylori-induced c-Myc and ODC mRNA and protein expression, whereas SB203580 or SP600125 had no such effect (Fig. 2,  A and B) . In addition, a second ERK inhibitor, U0126, also blocked H. pylori-induced c-Myc and ODC mRNA and protein expression (Fig.  2, C and D) . To quantify these data further, we used real time PCR and found that H. pylori increased c-Myc and ODC mRNA expression by 5.1 Ϯ 0.4-and 4.7 Ϯ 0.7-fold, respectively; these increases were inhibited by 68.0 Ϯ 10.4 and 73.2 Ϯ 7.4%, respectively, with PD98059; SB203580 and SP600125 had no effect (Fig. 2, E and F) . Similarly, the increase in ODC activity with H. pylori exposure was significantly reduced with PD98059 but not SB203580 or SP600125 (Fig. 2G) .
H. pylori Induces Phosphorylation of ERK and Its Nuclear Translocation-Because inhibition of ERK reduced expression of c-Myc and ODC and attenuated apoptosis, we assessed its phosphorylation status in H. pylori-stimulated macrophages. Levels of pERK in whole cell lysates, as well as cytosolic and nuclear fractions, were increased in a time-dependent manner (Fig. 3A) . ERK phosphorylation was readily detected at 5 min and peaked at 10 -20 min in both the cytosolic and nuclear fractions, whereas the ERK levels were not altered by H. pylori stimulation. ERK activity was also significantly increased by H. pylori and peaked at 20 min (Fig. 3B) . Immunofluorescence staining demonstrated increased phosphorylation of ERK by 5 min after stimulation and rapid translocation of pERK to the nucleus that peaked at 20 min (Fig. 3C) . Pretreatment of macrophages with PD98059 significantly attenuated phosphorylation of ERK in the whole cell extract, cytosol, and nucleus. Taken together, these data indicate that H. pylori rapidly induces nuclear translocation of pERK. (Fig. 4A) . c-Fos mRNA induction peaked at 20 min after stimulation, and protein levels peaked at 40 min (Fig. 4A) . Phosphorylation of c-Fos at Thr 325 was detected at 20 min, peaked at 40 min, and was sustained for 80 min (Fig. 4A) . H. pylori induced c-Jun mRNA expression at 5 min after stimulation; c-Jun protein expression and phosphorylation at Ser 73 peaked at 10 min and was sustained for 80 min (Fig. 4B) .
H. pylori Induces Expression of c-Fos and c-Jun-Because
H. pylori-stimulated c-Fos mRNA and protein expression was not affected by inhibition of any of the three MAPKs (Fig.  4C) . However, PD98059 blocked phosphorylation of c-Fos at both Thr 325 and Ser 374 . SB203580 or SP600125 had no such effect (Fig. 4C) . PD98059 inhibited stimulated c-Jun protein expression and c-Jun phosphorylation at Ser 73 , without altering c-Jun mRNA levels (Fig. 4D) . Inhibition of JNK by SP600125 inhibited c-Jun phosphorylation, whereas inhibition of p38 with SB203580 had no effect. These results suggest that H. pylori induces c-Fos and c-Jun and that the phosphorylation of c-Fos depends on the activation of ERK, whereas the phosphorylation of c-Jun depends on activation of both ERK and JNK.
H. pylori Induces Nuclear Protein Binding to AP-1 Consensus Sequences-The c-Myc promoter has putative AP-1 consensus binding sequences, and its activity can be up-regulated by AP-1 complex proteins (43) . EMSA using nuclear lysates from H. pylori-activated macrophages showed binding to AP-1 consensus binding sequences that was prevented by pretreatment of macrophages with PD98059 (Fig. 5 ). In contrast, nuclear lysates from macrophages pretreated with SB203580 or SP600125 did not exhibit any loss of binding to the AP-1 consensus sequences (Fig. 5) . When nuclear extracts were immunodepleted with antibody to pc-Fos, there was complete inhibition of binding to the AP-1 consensus sequence; antibody to c-Jun showed a partial inhibitory effect, whereas antibody to pc-Jun had no effect (Fig. 5) . Thus, H. pylori induces binding of proteins to AP-1 consensus binding sequences, and this involves ERK phosphorylation and the presence of pc-Fos and c-Jun proteins but not pc-Jun. Nuclear proteins were extracted, and 1 g from each condition was incubated with a 32 P-labeled probe specific for the consensus binding sequence for AP-1, electrophoresed, and phosphorimaged. First lane, free probe; second lane, nuclear lysates from unstimulated cells; fourth through eleventh lanes, nuclear lysates from HP stimulated cells. In the second and fifth lanes, excess unlabeled (cold) probes for AP-1 were used; the cold AP-1 competed away the binding of the labeled probe. In the sixth through eighth lanes, nuclear lysates were from cells pretreated with PD98059 (PD), SB203580 (SB), or SP600125 (SP) before activation with HP. In the ninth through eleventh lanes, nuclear lysates were immunodepleted with antibodies to pTh 325 c-Fos (2 g), c-Jun (1 g), or pS 73 c-Jun (2 g), respectively. The data are representative of three independent experiments. Ab, antibody; Inhib, inhibitor; Cold pr, cold probes; Nucl extr, nuclear extract; Ctrl, control.
Inhibition of AP-1 Binding Attenuates c-Myc and ODC
Expression and Apoptosis-To assess the effect of H. pyloriinduced AP-1 complex proteins on c-Myc and ODC expression, macrophages were transfected with A-Fos, dominantnegative c-Fos, which inhibits AP-1 complex occupancy to its consensus binding sequences (38) . Transfection with A-Fos resulted in a nearly complete attenuation of H. pylori-induced expression of c-Myc and ODC mRNA (Fig. 6A) and protein (Fig. 6B ) when compared with transfection with the cytomegalovirus empty vector. In parallel, A-Fos attenuated H. pyloriinduced apoptosis (Fig. 6, C and D) . These results suggest that binding of the AP-1 complex to its cognate sequence is a crucial step in inducing c-Myc and ODC expression and apoptosis in macrophages exposed to H. pylori.
Phosphorylation of ERK Is Essential for Heterodimerization of pc-Fos and c-Jun-Because
we demonstrated the importance of AP-1 in the causation of apoptosis, we investigated the major constituents of this complex in H. pylori-stimulated macrophages. To assess the direct interaction of pc-Fos with its potential partner protein, c-Jun, we performed immunoprecipitation with anti-pTh 325 c-Fos antibody. When immunoblotting was performed on this immunoprecipitate, c-Jun was abundant (Fig. 7A) , whereas when it was probed with anti-pS 73 c-Jun antibody, no band was present (not shown). Cell lysates immunoprecipitated with anti-c-Jun also showed the presence of pTh 325 cFos (Fig. 7A) . Pretreatment of cells with PD98059 prevented the H. pylori-stimulated interaction of c-Jun and pTh 325 c-Fos proteins (Fig. 7A) .
To confirm the direct physical interaction of these proteins, antibody-based confocal FRET microscopy was performed. H. pylori induced phosphorylation of c-Fos and expression of c-Jun that was attenuated by PD98059 (Fig. 7 , B and C). When apparent FRET was measured, a positive signal was observed in H. pylori-activated cells that was attenuated in cells pretreated with PD98059 (Fig. 7B) . H. pylori increased FRET efficiency by 3.5 Ϯ 0.8-fold, indicating a substantial increase in physical proximity between pTh 325 c-Fos and c-Jun (Fig. 7D) . PD98059 attenuated H. pylori-induced FRET efficiency by 80.2 Ϯ 3.2%. These data indicate that H. pylori increases the interaction between pc-Fos and c-Jun, and this depends on phosphorylation of ERK.
The pc-Fos⅐c-Jun Complex and the Induction of c-Myc and ODC Are Specific to the Macrophage
Response to H. pylori-Because we demonstrated that phosphorylation of c-Fos was required for the formation of the AP-1 complex and induction of c-Myc and ODC in the response to H. pylori, we sought to determine whether this effect was specific or generalized in macrophages. We therefore tested the host response to two other relevant enteric Gram-negative bacterial pathogens, namely C. rodentium, which causes colitis in mice, and C. jejuni, which is phylogenetically related to H. pylori and causes bloody diarrhea in humans. Both C. rodentium (Fig. 8A) and C. jejuni (Fig. 8B) failed to induce an increase in the levels of pc-Fos when compared with H. pylori. In contrast, pERK was increased in the same nuclear lysates, and this was sustained at the times assessed from 20 to 160 min. Additionally, c-Jun was induced by both of these pathogens (Fig. 8, C and D) . However, both agents failed to induce expression of either c-Myc (Fig. 8E) or ODC (Fig. 8F) when compared with H. pylori used as a positive control. We then added H. pylori strain 60190 to AGS gastric epithelial cells, using a defined model in which we have previously shown marked induction of apoptosis (44) . However, even when assessed out to 240 min, there was no increase in pc-Fos levels when compared with unstimulated control cells, but there was an induction of c-Jun expression (Fig. 8G) . Furthermore, H. pylori failed to induce any expression of either c-Myc or ODC in the gastric epithelial cells (Fig. 8H) , in contrast to a 34-fold increase in IL-8, which was used as a positive control. Taken together, these data show that pc-Fos is very unlikely to be a constituent of an AP-1 complex either in macrophages activated with other prototype bacterial pathogens or in gastric epithelial cells stimulated with H. pylori and that in both of these cases c-Myc and ODC are not part of the host response.
Phosphorylation of ERK Is Essential for Binding of pc-Fos⅐c-Jun to the c-Myc
Promoter-Because of the apparently unique nature of the AP-1 complex and the induction of c-Myc in H. pylori-stimulated macrophages, we sought to determine whether the pc-Fos and c-Jun heterodimer that we had identified binds to the AP-1 consensus sequence. We therefore performed oligonucleotide pulldown assays with the biotinylated AP-1 consensus sequence and H. pylori-activated macrophage nuclear extracts (Fig. 9A) . When the pulldown product was analyzed by Western blotting, we found that it contained pTh 325 c-Fos and c-Jun, but not pS 73 c-Jun. Pretreatment of cells with PD98059 prevented the pulldown of pTh 325 c-Fos and c-Jun (Fig. 9A ). These findings indicate that H. pylori induces dimerization of pc-Fos and c-Jun, this complex binds to the AP-1 consensus sequence, and this process depends on phosphorylation of ERK.
Chromatin immunoprecipitation assay was performed to determine whether this unique complex binds to the c-Myc promoter in H. pylori-stimulated macrophages. As shown in Fig. 9B , c-Myc has three AP-1 putative binding sites in its promoter. When anti-pTh 325 c-Fos or anti-c-Jun antibodies were used to immunoprecipitate DNA for PCR, only primer 1 (flanking the AP-1 binding region between Ϫ2067 to Ϫ2058) showed amplified products, and treatment of cells with PD98059 inhibited the formation of these products (Fig. 9B) . In contrast, antipS 73 c-Jun antibody did not reveal an amplified product (data not shown).
To verify binding of the AP-1 complex to this Ϫ2067 to Ϫ2058 region of the c-Myc promoter, fluorescence polarization was performed using an Alexa 488-labeled DNA fragment of this region. Cell lysates from macrophages activated with H. pylori exhibited increased fluorescence polarization of the labeled oligonucleotide, indicative of binding of the AP-1 complex to the DNA probe; this effect was completely blocked by PD98059 (Fig. 9C) .
Apoptosis of Infiltrating Gastric Macrophages in H. pylori Infection-To assess the biological relevance of the AP-1 complex formation, we analyzed events in mice infected with H. pylori. Using flow cytometry we quantified the number of macrophages present in the stomach and the amount of apoptosis (Fig. 10A) . In uninfected mice there were 0.3 Ϯ 0.03 ϫ 10 5 macrophages/stomach; there was an increase at 1 day postinoculation, and this peaked at day 2, with a 12-fold increase (Fig. 10A) . The number of macrophages decreased by 62% at 3 days postinoculation. In parallel, there was a marked increase in apoptosis that peaked at 48 h postinoculation (p Ͻ 0.01 versus uninfected), suggesting that the depletion of macrophages was attributable to this apoptosis. The number of gastric macrophages gradually increased after day 3, but because of a concomitant increase in apoptosis at time points of chronic gastritis at 60 and 120 days postinoculation (p Ͻ 0.01 versus uninfected), the number of macrophages in the stomach remained below the peak level at 2 days postinoculation.
Induction of c-Myc and ODC Expression and Formation of an Active AP-1 Complex in vivo-
Because H. pylori induced peak apoptosis at 2 days postinoculation, we measured c-Myc and ODC levels in gastric macrophages at this time point and found that mRNA expression of both genes was increased when compared with cells from uninfected mice (Fig. 10B) . To assess for the presence of the AP-1 complex in vivo, whole gastric tissue lysates were immunoprecipitated with anti-c-Jun antibody, followed by immunoblotting with antipTh 325 c-Fos antibody (Fig. 10C ). There was a marked increase in pc-Fos⅐c-Jun in tissues from H. pylori-infected mice compared with those from uninfected mice.
To assess for heterodimerization of pc-Fos and c-Jun within gastric macrophages, FRET analysis was performed. The cells isolated from infected mice showed an increase in pc-Fos and c-Jun staining and increased FRET events (Fig. 10D ). There was a marked, 4.3 Ϯ 0.3-fold increase in FRET efficiency (Fig.  10E) . This interaction of pc-Fos and c-Jun was confirmed by fluorescence polarization analysis, with the specificity for this complex demonstrated by attenuation following immunodepletion with pc-Fos antibody (Fig. 10F) .
Inhibition of ERK Decreases H. pylori-induced Phosphorylation of c-Fos and Apoptosis in Vivo-
To investigate the importance of this AP-1 complex, the mice were treated with PD98059. We chose the peak time point of macrophage influx and apoptosis at 48 h postinoculation for these studies. Because of the limited numbers of isolated gastric macrophages, we used flow cytometry to evaluate proteins in cells positively selected with F4/80. H. pylori infection resulted in a significant increase in the levels of pERK, pc-Fos, and ODC in gastric macrophages, each of which was attenuated by injection of mice with PD98059 (Fig. 11A ). There was a significant increase in macrophage apoptosis with H. pylori infection that was restored to the same level as uninfected mice by the PD98059 treatment (Fig. 11, B and C) . Taken together, these data indicate that ERK phosphorylation plays a causal role in the apoptosis of infiltrating gastric macrophages in H. pylori infection through the effects on AP-1 complex formation that leads to ODC activation.
DISCUSSION
In the current report we demonstrate that macrophages exposed to H. pylori exhibit the formation of a unique AP-1 heterodimer consisting of pc-Fos⅐c-Jun, which was present with both in vitro and in vivo infection. The formation of this dimer was dependent on ERK phosphorylation and resulted in c-Myc and ODC expression and apoptosis. These findings are important because failure of the immune response to H. pylori contributes to its strong ability to colonize, as evidenced by prevalence rates approaching 100% in underdeveloped regions (45) . Our work provides new insight into the molecular mechanism underlying the polyamine-mediated macrophage apoptosis that contributes to the immunopathogenesis of H. pylori infection.
We have observed that H. pylori-induced macrophage apoptosis requires ERK phosphorylation. Although ERK activation has been linked to anti-apoptotic and pro-survival signals, new evidence has emerged that this can also result in apoptosis (46, 47) . Similarly, c-Myc promotes proliferation in the presence of growth factors but also causes apoptosis under conditions of stress (48) . We show that H. pylori-induced phosphorylation of ERK mediates induction of c-Myc and ODC, with similar increases in mRNA and protein levels for both genes. Overexpression of constitutively active MEK1 in mammary epithelial cells has been reported to increase the levels of both c-Myc and ODC mRNA that was attenuated with ERK phosphorylation inhibitors (49) . However, this study was microarray-based, without assessment of protein levels, and utilized ectopic expression rather than a biological stimulus, as we have used. It should be noted that pERK can enhance c-Myc protein levels without affecting mRNA expression by increasing protein stability through phosphorylation of c-Myc (50). However, we found that H. pylori stimulation of macrophages resulted in a consistent, parallel increase in c-Myc mRNA and protein levels, indicating that c-Myc transcriptional activation is sufficient to generate abundant c-Myc protein.
The duration of ERK activation has fundamentally different effects on the balance of apoptosis and proliferation. As an example, platelet-derived growth factor treatment in fibroblasts causes sustained phosphorylation of ERK, which promotes entry of cells into the S phase and proliferation, whereas epidermal growth factor causes transient activation of ERK that fails to induce entry into the S phase (51) . We have observed a very rapid phosphorylation of ERK that occurs as early as 5 min after activation with H. pylori and returns to base-line levels by 80 min. Several groups have demonstrated that apoptosis that requires ERK activation is dependent on nuclear localization of pERK (52) . In our study, pERK was found to translocate into the nucleus by 5 min after H. pylori stimulation, but this was transient, consistent with our findings of pERK-dependent induction of c-Fos phosphorylation and apoptosis.
ERK phosphorylation may lead to diverse biological outcomes, and one important determinant is the effect on downstream sensor molecules, such as c-Fos and Egr-1 (51). In the current study, we observed an increase in the expression of c-Fos and c-Jun and the phosphorylation of both proteins. The relative time kinetics for nuclear accumulation of pERK and phosphorylation of c-Fos have been shown to decide the biological outcome of stimuli (20) . We have shown that accumulation of pERK in the nucleus precedes phosphorylation of c-Fos in response to H. pylori. These findings are consistent with a report that activated ERK accumulates in the nucleus and phosphorylates c-Fos at Ser 374 and Thr 325 in NIH3T3 fibroblasts activated with platelet-derived growth factor (53) . This leads to the concept that phosphorylation of c-Fos can increase AP-1 transcriptional activity and, thus, biological outcomes (53) . Expression of c-Jun has been shown to be dependent on ERK phosphorylation in neuronal cells (54) . Phosphorylation at Ser 73 stabilizes c-Jun protein and increases AP-1 transcriptional activity (18, 20) . In our experiments, we found that ERK phosphorylation is required for c-Jun protein expression and phosphorylation at Ser
73
. Therefore, stabilization of c-Jun protein by its phosphorylation may be an important mechanism of transcriptional activation of c-Myc in H. pylori-stimulated cells.
The AP-1 complex is characterized by dimers of c-Fos and c-Jun family proteins (20) . In our study, EMSA demonstrated that inhibition of ERK phosphorylation attenuated binding of nuclear proteins to AP-1 binding sequences. These data, coupled with our c-Fos and c-Jun expression and phosphorylation data, indicate that pc-Fos, rather than unphosphorylated c-Fos, is of primary importance in the host signaling response to H. pylori in macrophages. Moreover, the immunodepletion studies in the EMSA confirmed that pc-Fos is a component of the H. pylori-induced AP-1 complex and also showed that pc-Jun is not involved. In addition, our finding that immunodepletion of c-Jun from nuclear proteins caused a partial reduction in binding to the AP-1 DNA probe implicates c-Jun as a partner protein in the H. pylori-inducible AP-1 complex. It should be noted that higher concentrations of anti-c-Jun antibody had no additional effect on binding of nuclear proteins (data not shown), indicating that pc-Fos may bind to other c-Jun family proteins in the nucleus of H. pylori-stimulated macrophages.
Because the EMSA suggested that pc-Fos and c-Jun were both binding to the AP-1 DNA probe, it was essential to establish whether these proteins interact with each other in H. pyloriactivated macrophages. The ability of pc-Fos to immunopre- cipitate c-Jun and vice versa indicates that these proteins are principal components of the AP-1 complex. Our FRET data further demonstrated that these two proteins are in close physical proximity each other, because it has been reported that detectable FRET occurs when partner proteins are in the range of 10 -100 Å (41) . The attenuation of this FRET with the inhibition of ERK activity that we detected indicates that the close approximation of the pc-Fos⅐c-Jun dimer depends on phosphorylation of ERK. Several studies have assessed potential AP-1 constituents in the response to H. pylori (27) (28) (29) (30) (31) (32) , but in contrast to our study, they have not demonstrated the composition of the complex, the physical interaction of the components, the involvement of pc-Fos, or the role of AP-1 in apoptosis.
A major finding of our study was that AP-1 complex formation mediated apoptosis in cells activated with a prototype bacterial stimulus. In fact, AP-1 activation has been liked to apoptosis in a variety of cell types (20) . For example ectopic overexpression of c-Fos or c-Jun causes apoptosis in fibroblasts (55) and colonic epithelial cells (42) . Also knockdown of c-Fos and c-Jun by antisense oligonucleotides (56) or dominant-negative c-Jun (57) suppresses apoptosis induced by growth factor withdrawal in lymphoid cells and neurons, respectively. We have now directly demonstrated the role of AP-1 complex formation in H. pylori-stimulated macrophages, because dominant-negative c-Fos markedly attenuated apoptosis. Furthermore, this dominant-negative c-Fos inhibited c-Myc and ODC expression in parallel, consistent with our previous implication of these genes in H. pylori-stimulated macrophage apoptosis.
We have found that H. pylori activates ERK, which in turn phosphorylates c-Fos. To our knowledge, there are no reports of downstream targets of a pERK⅐pc-Fos pathway. However, there is an AP-1 response element in the promoter of the c-Myc gene (43) . Consistent with this, we have shown that the c-Myc promoter can recruit the pc-Fos⅐c-Jun complex in macrophages exposed to H. pylori, leading to expression of c-Myc. These findings suggest the existence of a novel biochemical mechanism that links H. pylori-induced phosphorylation of ERK, c-Myc expression, and apoptosis through phosphorylation of c-Fos and activation of the AP-1 transcription factor (Fig. 12) . This pathway also involves the coordinate action of an unknown H. pylori response element in the ODC promoter (Fig. 12) , because we have found that deletion of the minimal ODC promoter upstream of the c-Myc binding site prevents promoter activation. 4 Additionally, the induction of apoptosis also requires the oxidative metabolism of the polyamine spermine by the enzyme spermine oxidase that we have shown to generate sufficient H 2 O 2 to cause mitochondrial membrane depolarization and thus apoptosis (8) , as shown in Fig. 12 .
These conclusions led to the question of whether the pERKpc-Fos⅐c-Jun-c-Myc-ODC pathway is canonical or potentially specific to H. pylori. To this end, we have shown in this report that other relevant bacterial stimuli that cause intestinal mucosal inflammation in mice (C. rodentium) and humans (C. jejuni) failed to cause phosphorylation of c-Fos and also failed to induce c-Myc or ODC expression in macrophages. Because both pathogens increased the expression of c-Jun, they likely induce a different AP-1 complex than the pc-Fos⅐c-Jun heterodimer that we have found to activate c-Myc transcription. In addition, our findings that both of these infectious agents induced accumulation of nuclear pERK, and yet there were not increases in the levels of pc-Fos, c-Myc, or ODC provide further evidence that the pathway in macrophages when stimulated with H. pylori is not canonical in nature. Moreover, the pERK activation was sustained with exposure to these other enteric pathogens compared with H. pylori, which was transient, again suggesting that the pERK-pc-Fos⅐c-Jun pathway is not the same under all stimulatory conditions. Additionally, our data in AGS gastric epithelial cells further suggest that the pathway in macrophages is noncanonical, because H. pylori did not induce phosphorylation of c-Fos and expression of c-Myc or ODC in these cells.
It should be noted that in monocytic cells, ERK and AP-1 have been studied in the response to H. pylori (31) (32) (33) . However, in those studies, a role for pc-Fos has not been shown, and other pathways including p38 MAPK and NF-B have been implicated in the cytokine responses (32, 33) . In contrast, we found that inhibition of p38 had no effect and that interference with c-Fos phosphorylation with a dominant-negative plasmid completely attenuated the induction of apoptosis. Similarly, in studies in gastric epithelial cells (27) (28) (29) (30) , the role of pc-Fos in AP-1 complex formation has not been assessed, and p38 as well as JNK have been implicated in the cytokine response, in contrast to our results in macrophages. Further, the role of pERK or AP-1 has not been previously studied in the setting of H. pylori-induced expression of c-Myc, ODC, or apoptosis in either macrophages or epithelial cells.
Another goal of our study was to establish the involvement of the pERK⅐pc-Fos pathway in gastric macrophages during H. pylori infection in vivo. Rapid infiltration of inflammatory cells, such as macrophages and neutrophils (39) , as well as dendritic cells (58) has been demonstrated in murine H. pylori infection, which is followed by a decrease in the number of these cells. We now show that the depletion of infiltrating macrophages is likely attributable to apoptosis. Furthermore, we have demonstrated that the pc-Fos⅐c-Jun dimer is present in the gastric macrophages from H. pylori-infected mice, and this correlates with c-Myc and ODC expression. This is the first report of the formation of this AP-1 complex in tissue-derived macrophages. Our findings also suggest that that this complex is functional in vivo, because inhibition of ERK phosphorylation prevented H. pylori-induced apoptosis in the gastric macrophages. It has been reported that inhibition of ERK with PD98059, as used, resulted in a reduction in brain injury in a mouse model of cerebral infarction (59), but apoptosis was not specifically assessed.
Our data have elucidated a novel aspect of immune dysregulation in H. pylori infection, namely the formation of a specific AP-1 complex that we have implicated in the causation of macrophage apoptosis. There is substantial evidence that enhancing the innate and adaptive immune response via vaccine strategies can limit or prevent colonization in mouse models (60, 61) . Strategies that could lead to protection of infiltrating gastric macrophages from apoptosis could lead to 1) enhanced antimicrobial effector function of these cells and 2) potentiation of the adaptive immune response that depends on antigen-presenting and paracrine signaling functions from macrophages. Therefore, targeted treatments that would selectively block this unique pathway of c-Myc/ODC-mediated apoptosis could prove valuable in the management of H. pylori infection. Such strategies are potentially very important because of the large disease burden of H. pylori infection worldwide and issues of antibiotic resistance. ␣-Difluoromethylornithine is a known inhibitor of ODC but would inhibit ODC systemically, which could limit its broad utility for this purpose. Small molecule library screening has yielded candidate compounds that can inhibit AP-1 in cell-free assays (62) . Assessment of such molecules in H. pylori-activated macrophages could prove to be a fruitful area of future investigation. (9) in concert with activation of a purported H. pylori response element (HPRE). This induction of ODC leads to increased generation of the polyamines putrescine, spermidine, and spermine. In parallel, H. pylori up-regulates the expression and activity of the enzyme spermine oxidase (SMO), which back-converts spermine to spermidine, a process that generates H 2 O 2 , which causes apoptosis through mitochondrial membrane depolarization (8) .
